1,4-polyisoprene, has been found to exist in at least two crystalline states, a low melting or f-form and a high melting or y-form. [1] [2] [3] [4] Bunn' predicted and Fisher2 confirmed by electron diffraction the existence of three configurations (c, j3, and 4y) of the trans-polyisoprene chain.
The a-form was observed only in stretched samples of gutta-percha. 2 Recently, Takahashi et a14 determined by x-ray diffraction that the crystal structure of the a-form was identical to that of the y-form.
Thermal analysis of experimental and commercial gutta-percha points used in endodontics has demonstrated the presence of up to seven thermal transitions.57 Further, transition temperatures and penetration were shown to be affected by heat treatment of the samples. 6 7 The ability to convert gutta-percha from one crystalline form to another by heat treatment may be a useful technique for both the manufacturer of points and the endodontist.
The purpose of this study was to determine by differential thermal analysis (DTA) the effect of nonequilibrium heating and cooling on the formation of low and high melting forms of gutta-percha crystallized from the bulk.
Materials and Methods
A differential thermal analyzer* was used to determine peak temperatures of endotherms on heating and exotherms on cooling of samples of purified gutta-percha.t Small shavings (about 5 mg) of the gutta-percha were placed into the sample capillary tube and the sample thermocouple inserted. Glass beads were used in conjunction with the reference thermocouple. DTA was carried out in air at a heating rate of 20 C per minute. A series of runs was made on the same sample, each time heating it to a different maximum temperature up to 100 C, in order to follow the phase transitions of the low and high melting polymorphs. After each run, the sample was cooled to room temperature (-25 C) by flowing air at a low rate through the sample block. This procedure allowed sufficient time for the cooling exotherm to develop reproducibly.
X-ray diffraction patterns were determined over the 20 range from 10 to 35 degrees with nickel-filtered, CuKae radiation (X= 1.540 A) on a diffractometer.+ The gutta-percha sample (2.0 x 1.5 x 0.1 cm) wasmountedon aheated copper block (4.5 x 4.0 x 0.9 cm) which was inserted into the goniometer. Hot water from a constant temperature bath § was circulated through the block until the desired temperature was reached. A chromel-alumel thermocouple, imbedded under the surface of the sample, was used to monitor the sample temperature on a digital millivoltmeter. ¶
Results
Four thermograms for heating rates of 5, 10, and 20 C per minute are shown in Figure 1 \ l 4 The scale of the T axis is 0. C for the exotherms and 10 c 0.5 C for the endotherms. percha sample, converted in the previous runs I. ,V 0o5C to the high melting polymorph, was subjected to a maximum sample temperature increasing from 68 C to 75 C. The appearance of a small pip (very rapid release of energy) on the exo-Li/ therm of the high melting polymorph (Fig 3a, Figure 3d 53>-\ 1/~1 (Fig 4, curve A) and the heat-treated samples (Fig 4, curves C and D) of gutta-percha. Heating a sample to 65 C on a hot stage resulted in a broad x-ray diffraction band characteristic of a5\ \1 11 J4 _ an amorphous, molten phase of gutta-percha w 0 84 1111 (Fig 4, curve B) . When the gutta-percha was heated to about 70 C and cooled to room temzl~\ I \ \ 1 l _ perature, the high melting polymorph was prow \h XVl ss duced (Fig 4, curve C) with a 58 C endotherm (Fig 3a) . Reheating the sample to 100 C and cooling it to room temperature resulted in the high melting polymorph transforming back to the low melting crystalline phase (Fig 4, curve  D) with a 48 C endotherm (Fig 3c) . that the second DTA run served to heat treat the sample. The samples usually were heated above 80 C with the result that the endotherm at 58 C always diminished in size and the endotherm below 50 C was either enhanced in size or split into two peaks.6'7 In order to relate the peak temperatures of the endotherms and exotherms to the maximum temperatures to which the sample was heated, Figures 5 and 6 were plotted. The dominant endotherm peak temperatures (solid points) appear to align themselves along the 46 C and 49 C line for the low melting polymorph and along the 57.5 C line for the high melting polymorph (Fig 5) . The two dominant endotherms, as observed in Figures 3-b Figure 5 . The data from the first set of experiments are represented by circles and from the second set by squares. In the first set, the sample was cooled rapidly with a fast air flow to room temperature, whereas in the second set, the sample was cooled very slowly (about 1 C/min). Because of the slower cooling rate, these samples had adequate time in the 60 C to 40 C temperature range to form some of the high melting phase before crystallization of the low melting phase took place. The presence of small amounts of the high melting polyresent first set of data and squares the second set. The downward arrow indicates the conversion of the high melting to the low melting polymorph with increasing sample temperature. The upward arrow indicates the conversion in reverse direction. morph with the low melting polymorph resulted in a slight elevation of the endotherm temperature of the low melting polymorph. As observed in Figure 5 , the endotherms of the low melting polymorph leveled off at the 49 C instead of the 46.5 C line as in the first experiment. A corresponding 3 C change can be observed in the endotherms of the high melting polymorph that show a change from 57. morph. In Figure 6 , the peak temperatures were plotted as a function of the maximum temperature to which the specimen was heated. The exotherms followed the same pattern as the endotherms. In the first experiment, the guttapercha sample was heated first to 100 C and then each subsequent time to progressively lower temperatures ending at about 63 C (open squares). The exotherm temperatures remained at about 30 C as the maximum sample temperature decreased to about 73 C. To reverse this process and transform the high melting back to the low melting crystalline phase, the specimen was heated to increasingly higher temperatures (closed circles). The hysteresis loop, identical to that of the endotherms, was again displaced by the shift of the downward slope of the exotherm temperatures (downward arrow) by approximately 10 degrees to a higher sample temperature. Also a sudden high melting (A) and the low melting (B) polymorphs of gutta-percha. The isothermal line (C) is Tex equals Ten elevation of the exotherm temperatures from 30 C to 34 C was observed in the sample temperature range of 80 C to 84 C. This elevation of the exotherm temperature is analogous to the behavior of the endotherms at that sample temperature level and is probably caused by small amounts of the high melting phase present in the low melting polymorph. When the sample was heated to above 84 C and cooled very slowly, the high melting phase had adequate time to crystallize before the low melting phase began to crystallize. Thus, the phase transitions in gutta-percha are reversible. The high melting crystalline phase can be converted to the low melting phase and back again by simple control of the temperature to which the gutta-percha sample is heated. The paths of the two transitions, however, are not reversible because of the hysteresis. The endotherms obtained from the DTA runs (Fig 5) were essentially the melting temperatures of the gutta-percha polymorphs crystallized from the melt at the exotherm temperatures (Fig 6) . The endotherm temperatures (T,e,,) were plotted against the exotherm temperatures (Tex) in Figure 7 . This type of plot has been used previously to calculate the equilibrium melting points (To ) of large crystals in which surface effects are negligible.9- 1 The equilibrium melting points can be used to derive thermodynamic parameters for the crystalline polymorphs; however, this study was concerned only with the dynamic aspects of rapid DTA analysis and the bulk melting and crystallization phenomena of gutta-percha. Since crystallization did not occur isothermally because of continuous cooling through the exotherm, and the endotherm data were obtained at relatively fast heating rates (20 C/min), the melting endotherm data could not be extrapolated to yield equilibrium melting temperatures for the two polymorphs. Nevertheless, a straight line relationship was determined by linear regression8 for the high melting phase (A) to be: Figure 7 yielded equilibrium or, in this study, the limiting melting endotherm temperatures of 64.4 C for the high melting polymorph and 53.8 C for the low melting polymorph of guttapercha. These values were each about ten degrees below the melting points obtained dilatometrically by Mandelkern.3 The linear dependence of the endotherm temperatures on the exotherm temperatures for the low and high melting crystalline polymorphs of gutta-percha show that the actual melting endotherm for either polymorph can occur at any temperature along the line and is determined by the crystallization temperature for that polymorph. This estimated crystallization temperature (To ) has been found to be greater than the directly observed melting temperatures. 9-"I Conclusions DTA curves of the low and high melting crystalline polymorphs of gutta-percha were determined. Heat treatment of the gutta-percha was used to thermally induce the formation of either or both polymorphs in the sample.
By raising the temperature of the specimen from 70 C to 100 C and cooling it to room temperature, the high melting polymorph was transformed into the low melting polymorph. During slow cooling, some high melting polymorph crystallized with the low melting polymorph. When the sample was quenched at 0 C, the high melting polymorph was eliminated. On heating to 60 C, the high melting form was the dominant polymorph produced.
In all analyses, the endotherm temperatures were found to be dependent on the exotherm temperatures of the preceding run which acted as a heat treatment for the sample. The endotherm temperatures were found to depend linearly on the exotherm temperatures of the polymorph.
The transitions between the low and high melting polymorphs in gutta-percha were found to be reversible, cyclic phenomena with hysteresis. Either of the polymorphs could be produced by simple control of the temperature of heat-treatment of the sample.
